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GEOLOGIC SETTING

The east coast Triassic basins are mostly half grabens
or tilted grabens that contain sedimentary rocks of fluvial
origin. The Durham Triassic basin is bounded on the east
and southeast by a high-angle normal-fault zone known
as the Jonesboro fault (fig. 2). The basin trends
southwestward between the borders of North Carolina-
Virginia and North Carolina-South Carolina. The basin
is about 226 km long and averages about 16 km wide. The
Durham Triassic basin is traditionally divided into four
substructures, which from north to south are the Durham
subbasin, the Colon cross structure, the Sanford or Deep
River subbasin, and the Wadesboro subbasin (fig. 2).

DESCRIPTION OF TEST WELL

A deep test well was drilled by the U.S. Geological
Survey in 1976 to a depth of 1,142 m in the Durham sub-
basin near New Hill, on the property of W.H. Sears (Sears
No. 1). The test well was specifically designed and drilled
to (1) verify surface and airborne geophysics data, (2) gain
a knowledge of the subsurface geology, and (3) obtain
hydrogeologic information on aquifer properties and
fluids.

The lithologic log shown on plate 1 was prepared by
using descriptions of drill cuttings sampled at 1.5-m in-
tervals. Cores were taken at five different intervals for
determinations of physical properties. Results of physical-
property tests are described and summarized in the sec-
tion Determination of Rock Properties by Physical-
Testing Techniques. Borehole logs obtained at the com-
pletion of drilling (pl. 1) include temperature, neutron
porosity, gamma ray, gamma-gamma density, sonic, dual-
induction laterolog, microlog, caliper, and acoustic
televiewer. Two zones in the test well were isolated with
hydraulic packers to collect reservoir fluids for chemical
analysis and to determine aquifer characteristics (Bain and
Brown, 1981, for aquifer test data). Physical-property-test
procedures by Terra Tek, Inc.2 (D.O. Ennis and S.W.
Butters, written commun., 1976), are described in the sec-
tion discussing laboratory analyses. The Triassic rocks
drilled in the Sears No. 1 well can be grouped into at least
three rock stratigraphic facies, from bottom to top: (1)
a lower argillite-graywacke-conglomerate facies at least
122 m thick, (2) a 670-m-thick sequence of massive
mudstone, argillite, and quartz conglomerate, and (3) a
640-m-thick sequence of arkosic sandstone, siltstone, and
mudstone. These units do not necessarily correlate with
the traditional boundaries of the Pekin, Cumnock, and
Sanford Formations in another part of the Durham

?Use of brand and trade names in this report is for identification purposes only
and does not constitute endorsement by the U.S. Geological Survey.

Triassic basin (Reinemund, 1955; Bain and Brown, 1981,
and McKee and others, 1959).

The rocks drilled have low porosity and permeability,
high average density, high velocity, high resistivity, and
low gravity in contrast to the Piedmont crystalline rocks
(pl. 1 and Bain and Brown, 1981).

DETERMINATION OF ROCK PROPERTIES BY
BOREHOLE-GEOPHYSICAL TECHNIQUES

DESCRIPTION AND INTERPRETATION OF GEOPHYSICAL
LOGS

SPONTANEOUS-POTENTIAL LOG

The spontaneous-potential (SP) log measures the
natural electrical potential between the borehole fluid and
the surrounding rock. Generally, the conductivity of the
borehole fluid is less than that of the surrounding rock
and causes apparent negative SP deflections to the left
opposite clean sand and to the right opposite shale. The
SP log of the Sears No. 1 well shows several zones above
640-m depth where negative anomalies up to 40 mV mark
the occurrence of more permeable sandstones (pl. 1).

Between depths of 640 m and 990 m, the SP log shows
little contrast between the rock and borehole fluid and
indicates increasing shaliness in the rocks. The lithologic
log shows that the zone between 640 and 990 m consists
of mudstone, massive argillite, and minor occurrence of
conglomerate. Thus, the subdued character of the SP
curve in the 640-m to 990-m interval is caused by the shale
content of the rock. A similar but much thinner facies oc-
curs between depths of 308 and 338 m. The negative SP
anomalies on the log below 990 m correspond to con-
glomerate on the lithologic log.

The SP contrast between borehole and formation fluids
is used elsewhere in this paper to predict total dissolved-
solids (T'DS) content of the formation waters. The general
subdued character of the SP curve indicates that forma-
tion fluids are not much more saline than the fluid in the
borehole. Because the dissolved-solids content in the drill-
ing mud was less than 300 mg/L throughout the drilling,
the Sears No. 1 well probably did not penetrate rock con-
taining extremely saline fluids.

RESISTIVITY LOGS

The resistivity of a rock depends on the resistivity of
the rock-mineral matrix and its contained fluids. Rocks
that are composed primarily of quartz and feldspar, which
are poor conductors, contain water that is usually a bet-
ter conductor. Thus, the resistivity of a sandstone general-
ly is largely related to the amount and the geometry of
its pore space and to the salinity of its contained
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EXPLANATION
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FIGURE 2. - Durham Triassic basin and tectonic features. See figure 11 for well and town locations.

fluid. As rock porosity decreases, formation resistivity on
the whole increases, assuming that the resistivity of the
formation fluid remains constant.

Five separate types of resistivity logs were run in the
Sears No. 1 well: microlog, microlaterolog, laterolog 8
(LL8), medium-induction log (ILM), and deep-induction
log (ILD). Resistivity on these logs is expressed in square
ohm-meters per meter or, more commonly, ohm-meters
(Qm).

The microlog depicts the resistivity of the mudcake
covering a permeable zone. The laterolog and medium-
and deep-induction logs depict resistivities for zones away
from the borehole. The deep-induction log is used to pro-
vide a more reliable value for the true rock resistivity in
those situations where invasion by drilling fluid has oc-
curred in the rock. In some cases, resistivity of the flushed
zone next to the borehole can be determined from a
microlaterolog (available for Sears No. 1 well).

The log response to the difference in resistivity of dif-
ferent lithologies is useful in determining the vertical
distribution and thickness of rock types. Conventionally,
some type of resistivity curve (pl. 1) is recorded with the
SP log. The SP-resistivity log combination is useful in
ground-water investigations for identifying the more
permeable, water-yielding zones. In an area of fresh
ground water, a water-yielding zone has a large negative
(left) deflection on the SP curve. Examples of such op-
posing deflections occur on the logs of Sears No. 1 well
at 192-, 229-, and 250-m depths (pl. 1).

In permeable zones, drilling mud enters the formations
and displaces the formation fluid because the drilling mud
maintains a higher hydrostatic head. Thus, the depth of
mud invasion is a qualitative measure of permeability. The
four types of logs shown on plate 1 have different depths
of investigation. The dual (medium- and deep-) induction-
laterolog combination is specifically designed to determine
the depth of mud invasion. In table 1 the known effect
of mud invasion on the true resistivity (Rt) of the forma-
tion is compensated for by using the ratio of the
resistivities of the ILD, ILM, and LL8 to each other (see
Schlumberger, Ltd., 1977, p. 50). In columns 2 and 3 of
table 2, the values for the LL8 and ILD give a qualitative
estimate of invasion of the formation by the drilling fluid,
when resistivity values from the ILD and LL8 are dif-
ferent. The resistivity values from the ILD and LL8 will
be approximately equal when no drilling fluid invasion has
occurred.

The resistivity logs reveal a cyclic or alternating se-
quence of sandstones and massive shales. The average
resistivity of shale on the deep-induction log curve is about
40 to 50 2m throughout the well. The sandstones and con-
glomerates, however, are typically 5 to 10 times more
resistive. One sandstone or conglomerate is 10 m thick
near a depth of 793 m, but the vast majority of the sand-
stones are 0.67 to 3 m in thickness. If the lithologies of
the well are arbitrarily divided into sandstone and shale,
the ratio of sandstone to shale is approximately 2:3 (pl. 1).
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TABLE 1.—Log data from the Sears No. 1 well, North Carolina

Log True
depth, resistivity,
center from deep- Sonic Bulk
of zone induction log velocity  density  Porosity
(m) (2m) (km/s)  (g/em®)  (percent)
155 140 3.79 2.45 14
192 220 3.72 2.48 10.2
220 200 3.91 2.46 13
229 120 3.72 2.45 134
233 50 3.86 2.45 13
242 55 4.12 2.55 8
248 28 3.46 2.42 16
258 45 3.81 2.50 11
273 25 3.81 2.4 15.5
279 39 3.57 2.42 16
289 69 4.18 2.46 13
339 65 4.42 2.5 8
350 75 4.18 2.65 2
353 95 4.12 2.45 12
378 38 4.23 2.48 10.1
399 64 4.12 2.46 13.6
414 65 4.26 2.56 8.3
440 90 4.48 2.50 10
477 47 4.45 245 13
508 190 4.84 2.58 5
527 120 4.88 2.60 3
570 100 4.84 2.57 6
583 140 4.84 2.57 7
610 170 5.00 2.70 1
633 130 4.92 2.55 8
999 100 5.17 2.67 .6
1,020 150 5.21 2.68 0
1,041 250 5.35 2.67 -1
1,056 375 5.40 2.68 0
1,082 160 5.54 2.69 -1.5
1,096 63 4.62 2.70 -1
1,106 200 5.00 2.72 -3
1119 150 492 265 18
Mean = 116 4.45 2.55 7.48
Standard deviation = 76.3 .586 .101 5.90
No. of samples = 33 33 33 33

The lithologic log and the gamma-ray logs also ex-
hibit a cyclic pattern. This pattern is most pronounced
at depths between 732 and 793 m and depths between
915 and 960 m where the microlog shows an inverted
stairstep character. Cycle frequency on the log is about
5.5 m, and resistivity amplitude is about one order of
magnitude. The cycles start at the bottom of the well
at a very resistive conglomerate that becomes fine
grained progressively upward into massive red argillite
or mudstone. Similar cycles are also apparent higher
in the hole, such as at the 518-m-depth to 427-m-depth
interval.

Cycles on the logs having a frequency of 3 to 6 m
can also be identified in the upper, more sandy part
of the well. Here, however, the change in grain size
from coarse to fine is much more abrupt, and the sand-
stones are better sorted.

The conglomeratic-argillite sequence probably
formed as a normal consequence of sedimentary debris
settling out of periodic influxes of coarse sediment in-

to standing water. These periodic influxes might be
caused by the erosion of an uplifted fault block. The
abrupt change from coarse to fine in the upper part
of the hole could result from changes in stream deposi-
tion and channel erosion processes (Reinemund, 1955;
Bain and Brown, 1981).

DENSITY-POROSITY LOG

The gamma-gamma density log measures the appar-
ent density of the borehole environment by recording
the loss of gamma radiation caused by collision with
electrons of the rock matrix and contained fluids. The
attenuation of gamma radiation from the tool source
depends on the electron density of the formation. Bulk
density in grams per cubic centimeter depends, there-
fore, on porosity and the electron density of the rock
matrix and fluid. In practice, a shielded gamma-ray
source is pressed against and moved along the borehole
wall. The attenuated radiation is received at two points
at different distances from the source to adjust for the
effect of mud thickness and irregular hole diameter.
The density-porosity curve of plate 1 has been adjusted
electronically for mud thickness and hole diameter
changes, except where large washouts of wellbore have
occurred.

The density log confirms the dense nature of the
rocks and their characteristically low porosity. Re-
corded densities range from an average 2.55 g/cm? to
2.70 g/cm3 below a depth of 610 m. The massive argilla-
ceous rocks are the densest beds above the 610-m
depth. Below 610 m in depth, the sandstones and silt-
stones appear to be as dense if not more dense than
the argillaceous rocks.

Bulk density and corresponding porosity have been
selected from the density log at points where the bore-
hole is relatively free of washouts. These values are
presented in table 2 for direct comparison with porosity
determined from the neutron and sonic logs.

The density log indicates very little primary porosity
between 655 and 905 m. Sandstones and conglomerate
at depths of 833, 911, 1,020, 954, 1,110, and 1,131 m
have low apparent porosities of up to 4 percent. The
SP-log response for these points indicates that water
is present in the formation.

NEUTRON-POROSITY LOG

The neutron-logging tool (in this case, the sidewall
neutron-porosity tool) consists of a neutron source and
a shielded neutron detector that are pressed against
and moved down the borehole. The principle of neutron
logging is that high-energy, electrically neutral parti-
cles are emitted from a radioactive source and collide
with the nuclei of atoms of the surrounding environ-
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TABLE 2.-Log crossplot data for the Sears No. 1 well, North Carolina

[LL8, laterolog 8; ILD, deep-induction log; HD, hole diameter, in em; y API, gamma radiation, in API units; ¢D, density-log porosity, in percent; @b, bulk density, in glem?;
At, interval traveltime from sonic log, in us/ft; ¢n. neutron-log porosity, in percent; M, parameter calculated: (189 - At)(ob-1.0))x0.01; N, parameter caiculated: (1.0 - ¢n)/(eb~1.0);

sonic-log porosity calculated: ((A2-At, M(4t,-4t, ) ma, rock matrix; f, fluid; SP, spontaneous potential; —, no data]

Log Resistivity Sonic-log porosity

depth ¢D b At ¢n M N For At, = Remarks

(m) LL8 ' ILD HD v AP ¢ 4.7 km/s 5.3 km/s 6.0 km/s

(@m) (percent)

153.6 _ 1,800 45 - 120 14 2.45 81 14 0.74 0.59 12.9 18.2 21.7

158.6 ___ 125 70 - 80 14 2.45 81 13 .74 .60 12.9 18.2 21.7

160 _____ 80 40 - 175 5 2.60 69 14 .75 .54 3.2 9.1 8.7 Limy.

163.2 ___ 120 50 - 110 9 2.55 76 13 .73 .56 8.9 14.4 18.1 Fractured.

166.4 ____ 55 60 - 110 -1.5 2.7 71 8 .69 .54 4.8 10.6 14.5

170.7 ____ 40 40 - 120 3 2.64 72 12 .71 .54 5.6 11.4 15.2

172.2 ____ 48 30 - 100 16 2.42 85 17 .73 .58 16.1 21.2 24.6

181.2 ____ 40 20 - 222 18 2.37 103 31 .63 .50 30.6 34.8 37.7 Fractured.

1844 ____ 75 55 - 120 15 2.43 81 14 .76 .60 12.9 18.2 21.7

187.7 ____ 65 95 - 260 8.5 2.54 93 13 .62 .56 22.6 273 30.4

191.1 ___ 950 210 - 80 11 2.47 98 12 .62 .60 26.6 31 34

1975 ____ 40 40 - 105 17 2.40 85 15 .74 .61 16.1 21.2 24.6

200.5 ____ 30 30 - 225 0 2.69 79 10 .65 .53 11.3 16.7 20.2 Anhydrite.

206 _____ 70 30 - 140 10 2.50 100 15 .59 57 28.2 32.6 35.5

208.5 ___ 240 80 - 80 11 2.49 80 10 .73 .60 12.1 174 21

2152 ____ 80 90 - 140 4 2.60 64 5 .78 59 -0.8 5.3 9.4 Limy.

220 ____ 700 700 - 80 13 2.46 80 9.5 .75 .62 12.1 174 21

2216 ____ 60 60 19.8 180 4 2.60 78 12,5 .69 .55 10.5 15.9 19.6 Shaly.

224 _____ 60 60 19.3 220 2 2.64 70 9.5 .73 .55 4 9.8 13.8 High ~,
low SP.

228.6 _ 1,200 120 18.8 85 13.5 2.46 82 11 .73 .61 13.7 18.9 22.5 Sandstone.

239.6 ___ 280 60 19.1 110 11 2.50 75 9 .76 .61 8.1 13.6 17.4 Sandstone.

249 ____ 350 45 - 80 14 2.47 86 12 .70 .60 16.9 22 25.4 Sandstone.

2713 ____ 35 30 - 215 4 2.60 82 18 .67 .51 13.7 18.9 22.5 High ~.

275.7 ____ 30 45 24.9 180 18.5 2.23 87 31 .83 .56 17.7 22.7 26.1 Gypsum?,
low v.

2792 ____ 24 40 224 80 17 2.39 83 16 .76 .60 14.5 19.7 23.2 Low SP,
sandstone.

289.2 ___ 900 70 18.8 54 12 2.48 73 12.5 .78 .59 6.5 12.1 15.9 Sandstone
fracture.

296.6 ____ 22 50 33 190 10 2.50 101 32 .59 45 29 33.3 36.2 Low SP,
sandstone.

306.9 ____ 80 800 19.3 73 10 2.50 102 12.6 .58 .58 19.8 34 37 Anhydrite.

3264 ____ 45 60 21.1 110 8 2.55 67 9 .79 .59 1.6 7.6 11.6 ?

3289 ____ 40 40 21.6 140 4 2.62 76 15 .70 .52 8.9 14.4 18.1 Shale.

329.2 ____ 50 40 21.1 120 10 2.51 74 18 .76 .54 7.3 12.9 16.7 Shale.

3316 ____ 50 50 23.9 150 14 2.52 75 24 .75 .50 8.1 13.6 17.4 Shaly.

334.0 ____ 40 40 22.1 95 16 2.35 76 9 .84 .67 8.9 144 18.1 Sandstone.

335.9 ____ 60 60 21.6 110 -2 2.70 68 11 71 .52 24 8.3 12.3 Shale.

3389 ____ 65 190 19.1 110 9 2.52 69 12 .79 .58 3.2 9 12 Sandstone.

342 ____ 100 60 19.1 80 8 2.55 73 7.5 .75 .60 6.5 12.1 15.9 Siltstone.

344.4 ___ 100 80 19.1 115 6 2.57 66 5 .78 .60 .8 6.8 10.9

362 ____ 800 85 19.1 50 14 2.44 75 13 .79 .60 8.1 13.6 17.4 Sandstone,
high SP.

357.8 ____ 45 45 22.4 165 2 2.64 76 15 .69 .52 8.9 144 18.1 Shale.

360 _____ 90 60 20.1 95 12 2.48 70 12 .80 .59 4 9.8 13.8 Sandstone.

377.6 ___ 130 40 20.3 65 11 2.48 73 11 .78 .60 6.5 6 15.9

394.1 ___ 180 70 19.3 65 9 2.52 69 6.5 .79 .62 3.2 9 12 Cycle skip,
radioactive.

398 ____ 500 80 19.1 150 13 2.46 72 12 .80 .60 5.6 114 15.2 Sandstone.

4179 ____ 80 80 19.6 250 3 2.72 64 6 .73 55 -.8 5.3 9.4

4194 ____ 80 60 19.6 325 3 2.72 65 7 72 .54 0 6 10.1
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TABLE 2.-Log crossplot data for the Sears No. 1 well, North Carolina— Continued

Sonic-log porosity

Log Resistivity R y
depth HD API D b At on M N For At = emarks
(:1) LL8 | ILD Y ® ¢ 47kmis 53kms 6.0 kmis
(Qm) (percent)
4404 ____ 90 70 19.3 55 10 2.50 69 9 0.80 0.61 3.2 9 13
449.2 ____ 50 60 219 60 14 2.45 75 14 79 59 8.1 13.6 174  Low SP,
sandstone.
465.1 ____ 80 80 20.3 80 15 2.60 64 17 78 58 -8 5.3 9.4
488.9 ____ 60 50 19.1 70 11 2.49 67 10.5 82 .60 1.6 7.6 11.6  Sandstone.
495.9 ____ 50 60  19.8 150 2 2.64 67 13 74 53 1.6 7.6 11.6  Shaly.
4989 ____ 80 90 18 230 9 2.53 67 7 80 .61 1.6 7.6 11.6  Sandy.
500.8 ____ 80 60 18 76 9 2.52 63 7 8 61 -16 45 8.7  Sandstone.
508.4 ___ 120 120 18 90 2 2.7 59 4 81 60 -48 1.5 59  Limy,
sandstone.
526.1 ____ 70 100 18 220 0 2.68 64 8 74 55 .8 5.3 9.4  High~.
534.6 ____ 70 90 19.1 90 10 2.54 65 6 80 61 0 6 10.1  Sandstone.
549.8 ____ 50 50 19.1 60 12 2.49 64 11 84 60 -8 5.3 9.4  Sandstone.
550.4 ___ 300 60 305 140 22 1.85 82 45 127 87 137 18.9 225  Fractured.
569.3 ____ 90 90 193 215 2 2.63 67 11 75 55 1.6 7.6 11.6  High 4.
570.9 ___ 100 100 183 250 16 2.42 72 15 82 .60 5.6 11.4 15.2  High 4.
576.3 ____ 70 80 18.8 225 1 2.65 64 7 76 56 -8 5.3 9.4  Highy.
581.5 ____ 60 70 18 90 9 2.52 66 6 81 62 8 6.8 10.9  Siltstone.
5852 ___ 120 125 178 220 9 2.54 62 5 82 62 -24 3.8 8 Sandstone.
596.8 ___ 200 140 186 80 8 2.55 61 9 83 59 -82 3 7.2 Siltstone.
609.6 ___ 300 170 17.8 70 -2 2.70 57 3 78 57  —6.5 0 43
619.3 ____ 50 55 19.6 140 0 2.68 73 10 .69 54 65 12.1 159  Shale.
6245 ____ 70 80 18.0 75 8 2.54 65 7 .80 60 0 6 10.1  Sandstone.
6382 ___ 200 130 18.3 100 0 2.70 59 35 76 57 -48 1.5 5.8
639.4 ____ 50 60 183 130 0 2.67 70 12 71 53 4 9.8 13.8  Shale.
641.9 ___ 100 105 - 70 7 2.58 61 5 81 60 -32 3 -7.2  Very low SP,
sandstone.
654.7 ____ 70 90 - 100 -1 2.70 62 6 75 55 -2.4 3.8 8 Siltstone.
6705 ___ 120 120 17.3 70 1 2.67 59 5.5 8 57  -48 1.5 58  Conglomerate.
694.9 ____ 70 65 19.6 100 1 2.68 68 14 72 51 2.4 8.3 12.3  Shale.
696.7 ___ 180 9 18 65 2 2.65 59 5 79 58  -48 1.5 58  Limy, con-
glomerate.
715.6 ____ 80 65 203 90 4 26 63 9 79 57 -16 45 8.7  Shale.
7425 ____ 50 50  20.3 95 6 2.55 72 16 75 b4 5.6 11.4 152  Shale.
743.1 ____ 35 45 213 100 0 2.65 71 15 72 52 48 10.6 145  Shale.
743.7 ____ 50 50 19.3 85 0 2.68 65 12 74 52 0 6 10.1  Shale.
7443 ____ 70 70 188 85 0 2.68 62 8 76 55 -24 3.8 2
7449 ___ 100 100 18.3 60 3 2.62 64 8 a7 57T -8 5.3 9.4
7889 ___ 150 120 17.8 60 1 2.66 60 5 78 BT -4 2.2 6.5  Conglomerate.
828.4 ___ 110 110 173 60 1 2.66 5 6 78 BT -48 1.5 58  Conglomerate.
8534 ____ 70 80 183 90 -1 2.70 64 95 74 53 -8  -53 9.4
882.7 ___ 160 70 168 70 3 2.52 59 6 .86 62 -48 1.5 5.8
907 ____ 100 80 17.3 60 4 2.61 59 9 81 57  -48 15 5.8
917.1 ____ 50 50 17.8 95 0 2.70 65 95 .13 53 0 6.0 10.1
9253 ___ 190 110 17.3 60 5 2.60 57 4 82 60 -65 0 43  Conglomerate.
936.9 ____ 50 60 - 100 -1 2.69 66 10 73 53 8 6.8 10.9
946.1 ___ 500 210 - 60 1 2.66 57 4 80 .58  -.65 0 4.3
976.8 ____ 40 30 - 105 50 1.65 76 42 1.74 89 89 14.3 18.1
1,019.2 ___ 600 150 - 70 0 2.68 59 7 a7 55 -48 1.5 5.8
1,039.3 _ 1,200 240 - 70 0 2.68 56 6 79 56 -.713 -8 3.6
1,055.2 _ 1,200 40 168 70 -1 2.69 55 5 79 56 -81 -15 2.9
1,061.3 ____ 90 70 - 125 -4 2.74 67 14 .70 49 1.6 76 11.6
1,079.2 ___ - 120 16.8 80 3 2.63 63 76 17T 57T -16 45 8.7
1,109.1 ___ _ 160  16.5 70 3 2.63 61 7 8 59 -32 3.0 7.2
L1185 ___ _ 105 165 135 -3 2.72 66 12 g2 51 -8 6.8 10.1  Shale?
11263 ___ _ 100 165 175 -3 2.72 72 16 .68 49  -56 11.4 15.2
1,130.8 ___ _ 300 16.3 - 45 260 63 55 .19 .59 -16 45 8.7  Cycle skip.
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ment. Greatest loss of energy occurs when the neutrons
collide with particles of similar mass, such as hydro-
gen. These particles having reduced energy are called
thermal neutrons. The neutron tool is generally de-
signed to count either thermal neutrons or the gamma
radiation resulting from neutron capture by hydrogen
(Schlumberger, Ltd., 1972b). The recorded porosity
must be corrected for gases, lithologies other than
limestone, and fluids other than water.

In clean (nonshaly) formations, the neutron log is a
measure of liquid-filled porosity. For shaly formations
and for minerals such as gypsum (CaSO,-2H;0), the
indicated porosity is in error because the logging tool
also measures the hydrogen associated with bound
water and crystallization water. The neutron-porosity
log in plate 1 is scaled linearly in percent porosity. The
tool is designed to calculate a porosity from a signal
that would result if the rock were limestone that con-
tained water (Schlumberger, Ltd., 1972b).

Uncorrected apparent limestone porosity (¢n) is pre-
sented in table 2 (col. 9). Care was taken to select
porosity values from the neutron log opposite points
in the borehole where the caliper log indicated the hole
was reasonably smooth. Much of the shift toward higher
apparent porosities in zones, such as those at depth in-
tervals from 305 to 355 m, 445 to 449 m, and 796 to
826 m, is due to formation shaliness. Most porosity
spikes were caused by poor contact between the log-
ging tool and the borehole wall, opposite fractures and
washouts. However, spikes indicating high porosity at
depths of 181, 201, and 274 m occur opposite evaporate-
rich beds. There is a slight but overall decrease in
minimum porosity with depth. The lowest porosity
value, however, occurs at depths of 610 m in a dense,
1.8-m-thick bed that appears, from cuttings, to be
cherty and quartzose. Minimum neutron porosities
average 4 percent in sandstones that are thought to
have no porosity. This apparent discrepancy is probably
caused by the increased clay content of some sand-
stones. Porous zones that are greater than 5 m thick
at depths greater than 150 m occur throughout the well
(table 3). Table 4 shows data for selected intervals in
the Sears No. 1 well.

SONIC LOG

Because sonic-log response is dependent on porosity
and is independent of fluid content for lower porosities,
it is an excellent means of estimating porosity. Shali-
ness tends to increase interval traveltime from sonic
log (At) because the characteristic velocity of shale
matrix is slower than that of sandstone. Thus, porosities
calculated for shaly sandstones on the basis of a clean

TABLE 3.—Porous zones (greater than 5 m thick) below 150-m depth
in the Sears No. 1 well, North Carolina

{Analysis of gamma-ray, density, neutron, and sonic logs)

Depth to Approximate  Average

top of thickness effective Average

zone of zone porosity!  bulk density?

m m (percent)  (glem?)

189 9 11.40 2.66
216 18 8.49 2.66
341 12 6.83 2.67
391 8 7.86 2.67
434 9 6.70 2.67
497 18 5.27 2.67
565 6 5.29 2.67
622 18 4.46 2.69
783 12 33.66 2.70
8264 21 2.92 2.70
933¢ 15 1.86 2.71

1Average porosity is clay-free porosity. .

2Higher density zones indicate an increase of clay with sandstone matrix at depth.
3Lower porosities result from compaction.

“Porosities below 4 percent are effectively zero for sandstones.

TABLE 4. Rock characteristics processed from logs for the
Sears No. 1 well, North Carolina

Matrix
D Water Total Secondary Shale bulk

epth saturation  porosity = porosity  content density

(m) (percent)  (percent) (percent) (percent) (g/em?)
7.8 - 39 2.66
1.6 - 46 2.80
9.3 - 28 2.66
10.7 - 17 2.66
0 - 44 2.66
12.9 - 0 2.66
7.5 - 26 2.67
10.6 - 0 2.65
7.2 - 44 2.65
10.8 - 17 2.66
9.5 - 26 2.66
3.2 - 41 2.80
2 - 47 2.80
9.7 - 0 2.66
4.8 - 40 2.66
0 - 49 2.77
8.6 - 3 2.67
9 - 41 2.65
34 - 29 2.67
6.1 - 16 2.67
0 - 47 2.65
11 - 3 2.67
1.1 0.3 39 2.65
6.9 5 13 2.66
6.3 - 7 2.69
8 - 0 2.67
1.3 - 37 2.72
3.6 - 37 2.69
7.2 - 3 2.71
44 - 1 2.72

sandstone-matrix velocity tend to yield porosity values
that are high.

The speed of sound in rock is determined principally
by the lithology and porosity of the rock. Indurated
sandstone, limestone, and dolomite have high compres-
sional sonic velocities. Salt, gas, and water have rela-
tively low velocities. The sonic log on plate 1 is a record-
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TABLE 5.—Sonic velocities and traveltimes for common materials and
rocks of the Durham Triassic basin
[Modified from Gerhart-Owens, Inc., 1974. - means no value given]

. . Interval Interval
Matrix Matr.xx travel- travel-
velocity velocity : :
(km/s) (it/s) time time

(us/ft) (us/m)
Sandstones _______ 5.49-5.9 18,000-19,500 55.5-51.0 182.1-167.3
Limestones _______ 6.4-7.0 21,000-23,000 47.6-43.5 156.2-175.5
7.0 23,000 43.5 147.7
6.1 20,000 50.0 164.0
4.6 15,000 66.7 218.8
1.8-4.9 6,000-16,000 - -
1.6 5,000-5,300 189.0 620.1
1.3 4,300 238.0 780.8

ing of a compressional wave’s traveltime through the
rock parallel to the wellbore. The log is recorded in
microseconds per foot (us/ft), which is the reciprocal
of the compressional wave velocity; this value is called
the interval traveltime (At). Values of traveltimes for
common rock types and fluids in the Durham Triassic
basin are presented in table 5.

The sonic-logging tool has two transmitters that are
pulsed alternatively. The received signals are in-
tegrated over time to give the recorded interval
traveltime and integrated traveltime. The traveltime
between any two depths in the hole may be computed
by adding each millisecond pulse (indicated by tick
marks) between the desired depths.

The first signal arriving at the sonic receiver is gen-
erally the compressional wave that has traveled
through the rock adjacent to the borehole. However,
if that signal is attenuated by gas, salt, or fractures
in the formations, the receiver will record some altered
arrival time. The result is a large displacement of the
log curve to the left toward lower velocities (higher Af)
called “cycle skipping.” In the Sears No. 1 well, a caliper
(borehole-diameter) log indicates that this phenomenon
occurs opposite enlarged parts of the wellbore.

Below a depth of 848 m, the sonic log has several
sharp spikes or deflections to the right. Although these
spikes could represent thin-bedded anhydrite zones hav-
ing high velocity, the recorded traveltime is shorter
than normal for anhydrite; therefore, these spikes are
assumed to be noise spikes caused by cable and tool
noise triggering the sonic receiver in a low-signal area
of the borehole.

The sonic log, which is matrix-velocity dependent,
is a good tool for determining lithology and is commonly
used for correlation purposes. The overall character of
the Sears No. 1 sonic log confirms the cyclic character
of the sedimentary rocks and correlation of the 793-m-
depth to 1,134-m-depth interval with the 1,174-m-depth
to 1,524-m-depth interval of the Groce No. 1 well (pl. 1).

Wryllie and others (1956, 1958) and Wyllie (1963) have
developed a formula that can be used to calculate
porosity from interval traveltime for shale-free sand-
stone:

At-At,,

porosity of sandstone =
Aty=At,,

where:

At = the interval traveltime from the sonic log

(us/ft);
At,, = the interval traveltime for the rock matrix
(us/ft); and
At; = the interval traveltime from the sonic log for
fluid (us/ft).

Porosities were calculated from the sonic log by the
Wyllie formula for selected intervals of the Sears No.
1 well and are presented in table 2. The accuracy of
these calculated porosities depends on the accuracy of
estimated matrix velocity obtained from the sonic log.
An error difference of 1.0 us/ft changes the calculated
porosity about 0.5 percent.

Crossplots showing the relation of sonic velocity to
bulk density, sonic velocity to neutron porosity, and
bulk density to apparent limestone porosity were con-
structed from logs (figs. 3-5) to investigate the
lithologic properties of layers in the Sears No. 1 well.
The major portion of the points in figures 3-5 are
plotted in the limestone-sandstone range, with matrix
sonic velocities from 5.5 km/s to 6.4 km/s (At,,=55.5
to 47.6 us/ft). Most of the points on the density-sonic
velocity crossplot are plotted in the dolomite range. The
rocks associated with these points are identified as
mudstones and argillites. The displacement of data
points into the dolomite region of figure 3 is not the
result of their having a dolomite matrix, but rather a
result of high density-low matrix sonic velocity (higher
At,.). The measured high densities also indicate that
the shales penetrated in the Sears No. 1 well do not
have anomalous high-hydrostatic pressure or over-
pressure. Overpressured shales tend to be less com-
pacted and have higher porosity and lower density.

GAMMA-RAY LOG

The gamma-ray log is a measure of the natural emis-
sion of gamma-ray particles from decay of radioactive
minerals in rocks around the borehole.? Measurement

3The American Petroleum Institute uses a standard calibration test pit to
measure certain log parameters such as gamma-ray emission and porosity. API
units are standard geophysical industry measures.
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than one lithologic type.

is generally made with a borehole scintillation counter and
recorded in American Petroleum Institute (API) units
(Wyllie, 1963, p. 118), as in plate 1. Gamma-ray radiation
is random; therefore, a time constant and logging speed
are chosen to give a good average measurement. One API
gamma-ray unit is defined as 1/200 of the difference be-
tween the deflections produced on a log by the radiation
from two standard formations in a test pit in Houston
(Wyllie, 1963).

The gamma-ray curve and the resistivity and sonic logs
illustrate the alternating pattern of sandstone and shale
in the Sears No. 1 well. The cleaner sandstones occur at
depths of 289, 351, 537, and 782 m and have radiation
values of 50 to 55 API units. Most of the units identified
on the sample log as sandstones have radiation levels of
60 to 80 API units. The SP curve opposite the sandstone
zones has a higher negative deflection, indicating that the
rocks are filled with water and are more permeable. The
lack of a good SP deflection opposite the 782-m zone in-
dicates that the zone’s water chemistry is close to that

of the drilling mud and (or) that this sandstone contains
no water. The gamma-gamma density log indicates that
the porosity of sandstone is less than or equal to 2 percent.

The shaly rocks in the Sears No. 1 well consist pre-
dominantly of massive argillite and mudstone. Small
amounts of thinly laminated fissile shale are present in
some cuttings. The radiation level of the gray, massive
argillaceous unit between a depth of 308 and 338 m is a
good example of the shale radiation level of the upper rock
of the Sears No. 1 well. The red mudstone and argillite
facies below a depth of 640 m, however, has a lower radia-
tion level about 100 API units.

The upper 610 m of this log has several anomalous
gamma-ray peaks that have intensities of more than 200
APT units. The largest of these intensities occurs at 420 m.

The gamma-ray log anomalies at depths of 161, 188,
398, 499, 571, and 585 m appear, from sample logs and
log crossplots, to occur in sandstone that is shaly or
radioactive. Some anomalies definitely occur at the base
of the sandstones. The sandstone at 161 m is calcareous.
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FIGURE 4. - Relation of neutron porosity to sonic velocity for Triassic rocks in the Sears No. 1 well, North Carolina (from Bain and
Brown, 1981). Points plotted between solid lines represent rocks composed of more than one lithologic type.

Anomalies at depths of 181, 271, 418, and 420 m corre-
spond to shale. The anomaly at a depth of 201 m may cor-
respond to siltstone. Some of the anomalies, such as at
depths of 181 and 188 m, correspond to washouts of the
hole, which affect the gamma-ray readings.

TEMPERATURE LOG
A thermal gradient exists between the Earth’s core and
surface. The temperature near the surface generally in-
creases about 1°C for every 55 m of depth. Departure

from this average gradient is caused by differences in the
thermal conductivity of rocks, the degree of water circula-
tion, and the depth of magma.

Borehole-temperature logging is accomplished with a
sonde having a thermistor whose internal resistance
changes in response to temperature change. In addition
to determining gross thermal gradients, the temperature
log is used to detect inflow and outflow of liquids and
gases in the borehole, thermal conductivity of indi-
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FIGURE 5. - Relation of bulk density to apparent limestone porosity for rocks of the Sears No. 1 well, North
Carolina (from Bain and Brown, 1981). Points between solid lines indicate mixtures of lithologic types.

vidual beds, and location of new cement grout behind
casings.

The temperature log of the Sears No. 1 well is
presented in plate 1 and figure 6. The temperature log
in figure 6 is plotted beside the caliper log and a log
of drilling samples to facilitate interpretation of the
temperature anomalies. The temperature gradient at
the Sears No. 1 well is 1°C/66 m.

Most of the temperature anomalies in the Sears No.
1 well that occur above a 500-m depth appear to be

caused by cooler water moving down the wellbore and
outflow into more permeable sandstones. Most of the
anomalies below 500 m appear opposite points iden-
tified on the caliper log as fractures. The relatively
small temperature gradient of this well compared to
that of the Groce No. 1 well may indicate deep circula-
tion of ground water. Additional discussion of borehole-
temperature logging is found in Keys and MacCary
(1971).
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ACOUSTIC-TELEVIEWER LOG

An acoustic televiewer was used to examine the detailed
physical character of the Sears No. 1 well wall-rock in
areas having temperature and caliper-width anomalies.
The acoustic-televiewer log shows (1) areas of high reflec-
tivity (light-colored areas on the log) that indicate dense
layers and (2) areas of low reflectivity (dark-colored areas
on the log) that indicate fractures or openings in the rock.
Bright areas on the log are a function of the reflected
energy from the wellbore. The acoustic-televiewer tool
spins or rotates from north to south as it is lowered into
the borehole. Figure 7 illustrates the fractures and
washouts observed between 590-m to 620-m depth and
650-m to 660-m depth in the Sears No. 1 well. Vertical
drill-bit marks and horizontal and dipping fractures (dark
areas on log)can be observed on the televiewer log. Most
caliper and televiewer anomalies are coincident with
temperature anomalies (Keys and others, 1979) for the
Sears No. 1 well.

APPLICATION OF LOG DATA
DETERMINATION OF LITHOLOGY

The data from sonic, density, and neutron logs are
sometimes crossplotted to give additional information on
mineral composition of rocks. Figure 8 is a sonic-density
crossplot of data for sandstones from the Sears No. 1 well.
Figures 9 and 10 are M-N parameter crossplots of the
log data from the Sears No. 1 well.

Equations for M and N, from Schlumberger, Ltd.
(1972), are

Atf—At
M=—""_x0.01
eb-of
and
N~ dn
N=—2L*"
eb-of
where

At;=interval traveltime from sonic log for fluid (189 ps/ft
for fresh mud and 185 ps/ft for salt mud);
At=interval traveltime from sonic logs, in pus/ft;
ob=bulk density of logged interval;
of =density of fluid (1.0 for fresh mud and 1.1 for salt
mud);
¢ny,=neutron-log porosity for fluid (use 1.0);
¢n=percentage neutron porosity of logged interval
from compensated neutron or sidewall neutron-
porosity log;
0.01 = multiplication factor;
M =lithology-dependent quantity derived by using
density- and sonic-log values; and
N=lithology-dependent quantity derived by using
density- and neutron-log values.

The data points on figures 7 and 8 are a result of lithology-
dependent values, M and N, in which the effects of the
rock matrix are calculated if sonic-log values are divided
by density-log values and neutron-log values are divided
by density-log values. The value M is derived by dividing
the porosity component (interval traveltime difference)
of the sonic log by the porosity component (density-value
difference) of the density log. The value N is derived by
dividing the porosity component (neutron-value dif-
ference) of the neutron log by the porosity component
(density-value difference) of the density log
(Schlumberger, Ltd., 1972, p. 73). Because the porosities
determined from the logs are different, the calculations
are characteristic of the matrix effects measured by the
logging instruments. The multiplication factor 0.01 ap-
plied in determining the value M makes M and N of the
same order of magnitude.

Because the position of plotted points depends on
mineralogy, the binary mineralogy mixtures under ideal
conditions should plot along lines connecting any two
minerals, and trinary mineralogy mixtures should plot in
the triangular areas connecting the respective end points.
The presence of gas or evaporite rocks in the well causes
a shift in the plot of data values to the upper right, and
shaliness causes a shift in the plot of data values to the
graph’s lower center. Figure 8 indicates that the upper
640 m of the Sears No. 1 well contains some quartz,
calcite, and anhydrite. Other data points are closer to the
shale region on the graph, indicating the rocks are shaly
in this interval. This interpretation agrees with the sam-
ple data shown in plate 1.

DETERMINATION OF SECONDARY POROSITY

Normally, the porosity determined from a neutron-sonic
velocity crossplot and from a neutron-density crossplot
differs; this difference reflects secondary porosity, which
tends to shift a point upwards on M-N plots (figs. 9 and
10). This relation is caused by the tendency of the sonic-
velocity signal to overlook or skip over larger openings
in the rock and to record only intergranular porosity.
Neutron- and density-logging tools respond to total porosi-
ty, regardless of porosity type. However, a sonic log tends
to ignore vugs, because the sound energy is propagated
through the surrounding matrix and bypasses the vugs.
Therefore, a sonic log used in conjunction with a density
and (or) neutron log can provide an estimate of the sec-
ondary porosity, as well as intergranular porosity, of a
formation of known lithology (Schlumberger, Ltd., 1972,
p. 6). The effects of secondary porosity are small or negli-
ble, as shown on figures 9 and 10.

CORRELATION OF STRATIGRAPHIC UNITS IN BASIN

Log data from the Sears No. 1 well and from the Groce
No. 1 well (location shown on fig. 11) were compared



DETERMINATION OF ROCK PROPERTIES BY BOREHOLE-GEOPHYSICAL TECHNIQUES 15

590

600

610

620

265 27.0

DEPTH BELOW LAND SURFACE, IN METERS

TEMPERATURE, DIFFERENTIAL
IN DEGREES TEMPERATURE
CELSIUS

to show how log data could be used to define stratigraphic
relationships between two areas of the basin (pl. 1). The
bottom 350 m of the Sears No. 1 well correlates with the
bottom 396 m of the Pekin Formation in the Groce No.
1 well of the Sanford area on the basis of similar response
in the dual induction-laterologs of the two wells (pl. 1).
These logs suggest that as much as 590 m of the bottom
part of the Sears No. 1 well may correlate with the bot-
tom 640 m of the Groce No. 1 well. There is no indication
of the presence of a unit in the Sears No. 1 well that is
equivalent to the carbonaceous, coal- and oil-shale-bearing
Cumnock Formation or to the Sanford Formation of the
Groce No. 1 well. The stratigraphic relations between the
two wells suggest that the environments of deposition

CALIPER LOG,
HOLE DIAMETER,
IN CENTIMETERS

FIGURE 7. - Temperature, differential temperature, caliper, and acoustic-televiewer logs, Sears No. 1 well,
North Carolina (Keys and others, 1979).

were similar in both the Durham and Sanford areas dur-
ing Pekin time and possibly into early Cumnock time (Bain
and Brown, 1981). Thereafter, a stable, swampy, reduc-
ing environment having a slow rate of sediment accumula-
tion prevailed in the Sanford area, while a higher energy
environment was creating channel sands and point bars
in the fine-grained alluvial-fan deposits in the New Hill
area. In the Sanford area, the paludal deposits were suc-
ceeded by reddish, poorly sorted, detrital materials. In
the New Hill area, a different source area contributed in-
creasingly greater amounts of gray to buff detrital
granitic material to the sediment being deposited (Bain
and Brown, 1981, fig. 3).
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FIGURE 8.-Relation of density to sonic velocity of cores of selected
sandstone intervals.

DETERMINATION OF ROCK PROPERTIES BY
PHYSICAL-TESTING TECHNIQUES

The Triassic rocks of the Durham Triassic basin have
low porosity and permeability because they were
deposited as continental sediments; therefore, the rocks
are poorly sorted. Much of the initial or primary porosity
has been lost through compaction, lithification, and
diagenesis. Consequently, ground-water yields are low -
generally less than 2.6 L/s in shallow domestic wells (Bain
and Thomas, 1966). Laboratory testing determined
porosity, permeability, bulk density, moisture content,
sonic velocity, resistivity, and mechanical strength.

Results of physical tests of representative core samples
from the Sears No. 1 test well and of core samples from
the Deep River coal study (Reinemund, 1955) in the

13 T | T |
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FIGURE 9.-Plot of M and N parameters derived from geophysical logs
for 640-m-depth to 1,140-m-depth interval. Data points between solid
lines indicate mixtures of lithologic types for depth interval.
(See p. 14 for explanation of equations for M and N.)

Sanford area are summarized in tables 6 and 7, respec-
tively. The following sections describe the test procedures
performed on Sears No. 1 well cores by Terra Tek, Inc.,
of Salt Lake City, Utah (written commun., 1976).

BULK DENSITY, MOISTURE CONTENT, AND EFFECTIVE
POROSITY

Physical-properties tests were performed to determine
the bulk density, moisture content, and effective porosi-
ty of each core sample. Samples for the physical-property
tests were obtained by breaking two fragments of approx-
imately 30 cm?® each from a core. The bulk-density
measurements were made by using a Ruska Mercury
Porometer, which determines volume by mercury
displacement. The densities obtained by this method are
accurate to +0.005 g/cm3.

The moisture content is expressed as a percentage of
the wet weight and is determined by measuring the
weight loss of a crushed sample during oven drying for
24 hours at 105°C. The accuracy of this method is 0.1
percent.
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V..., matrix sonic velocity. (See p. 14 for explanation of equations
for M and N.)

The effective-porosity determinations were made by
using a Beckman Gas Pycnometer. The effective porosi-
ty is essentially a measure of the connected pore volume.
The Beckman technique uses helium gas to impregnate
the sample and to measure the volume of the connected
pores. The bulk volume is then determined by sealing the
sample surface and determining the total volume of the
sample. With this technique, measurements of effective
porosity are accurate to +0.05 percent.

The samples that were analyzed contain very little
moisture. The largest moisture content measured was 1.1
percent in a sample from a depth of 745 m. The effective
porosities measured were relatively low; the largest
porosity observed was 6.2 percent for the sample from
a 745-m depth. Samples from 744-m and 1,141-m depths
had effective porosities of less than 1 percent.

PERMEABILITY

Permeability was measured on cylindrical samples
254+ 0.013 cm in diameter and 0.635+0.051 cm in
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length. The test cylinders were sealed and confined at a
confining pressure equal to 4.73x10* g/em? per cen-
timeter of depth. A pore pressure equal to 50 percent of
the confining pressure was then established at each end
of the sample. These pressures were maintained for a
period of 4 hours to allow the pore pressure to stabilize.
At the end of this period, the two ends of the sample were
isolated from one another, and a pressure step of approx-
imately 4.62 g/cm? was applied to one end of the sample.
The differential pressure change across the sample was
monitored over a period of approximately 15 hours. This
differential pressure change allowed time for the system
to establish a uniform differential pressure-decay rate.

The pore and driving water were estimated to contain
500 mg/L TDS. A value of 500 mg/L was considered to
be a reasonable approximation of the reservoir water
chemistry.* The dissolved solids were primarily sodium
chloride. Use of 500-mg/L TDS water solution should
result in slightly higher permeabilities than when using
pure water, because the sample permeated with pure
water experiences more clay swelling and therefore lower
permeability.

An upper limit for water permeability tests was
established by an unconfined gas permeability test on the
sample from 1,141-m depth. A gas permeability of
9.9% 10-8um? was obtained.

The permeability-test results show agreement with the
effective porosity measurements. The samples from a
157-m depth had the highest permeability and also the
largest effective porosity. Samples from 960-m and
1,138-m depths had similar permeabilities and almost
identical effective porosities. Samples from 744-m and
1,141-m depths had the lowest permeabilities and the
lowest effective porosities.

The permeabilities obtained for the Sears No. 1 well by
using water of 500 mg/L TDS are listed in table 6.

SONIC VELOCITY

The technique used to measure the sonic velocities of
the various stratigraphic intervals is best described as the
“through transmission system.” The system can determine
small delay times to a high degree of accuracy (Terra Tek,
Inc., written commun., 1976).

The frequency synthesizer used is extremely stable;
signal erroris 1 part in 107. A signal that passes through
the test sample is compared with a signal coming direct-
ly from the synthesizer. The delay experienced by the
signal in passing through the sample is then determined
by comparing waveforms on an oscilloscope. The path

4 Reservoir chemistry was determined from a U.S. Geological Survey Central
Laboratory water-quality analysis that accompanied sample cores (lab ID No.
131010; Record No. 39928).
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TABLE 6.— Physical properties of core samples from the Sears No. 1 well, North Carolina
Sample  Bulk Water Gas Permeability Velocity Formation  Formation  Unconfined
depth  density content porosity (pm?) (km/s) resistivity factor strength Lithology
(m) (g/lem3)  (percent)  (percent) Liquid l Air Longitudinal ] Shear (Qm) (F=R/R,)  (kPax10%)
154 __ (® — 5 4.55x10710 107 — — 358 12.74 — Sandstone.
154 - __ — 2.3 . — 53.73 _— — - - Do.
157 __ __ _— 8.9 2.18x10° 1072 —_— — 3422 424.1 — Do.
157 __ __ - 12 — — 53.82 - — - . Do.
329 __ __ — 1.3 - — 53.28 - __ . — Gray
argillite.
329 __ __ . . Sample 9.9x10¢ - - - . — Do.
failed.
330 __ . — 4.7 4.85x107° 1.98x 105 — — 880 43.64 — Siltstone.
330 __ __ - 2.2 - — - - . — - Do.
330 . __ — 2.8 - — 54.26 - — _— _— Do.
744 __ 265 0.6 9 1.98x10? _— 4.50 2.37 72 6.5 8.8 Red
745 __ 2.60 1.1 6.2 1.7x108 - 4.71 2.60 130 12 114 sand-
stone.
960 __ 2.65 5 2.8 4.95x 10-° _— 5.14 3.04 1,060 %96 13.9 Con-
glomer-
ates.
1,138 __ 2.66 1 2.5 6.93x10-? — 5.14 3.02 736 867 11.1 Do.
1,141 __ 273 .1 9 3.96 x10-° 9.9x10-8 4.55 2.36 195 618 12.2 Graywacke.
'F, formation factor; R, formation resistivity; R,, resistivity of fluid in the formation.
2No value determined in some cases when more than one sample from same depth was tested.
8Calculated from R =FxR,.
“Measured at 15,169 kPa.
5At 13,790 kPa.
¢At overburden pressure.
TABLE 7.—- Physical properties of core samples from the Deep River coal field, North Carolina
. Specific Bulk . - Tensile
Well Specimen Depth vi ensi Porosity Permeability strength
No. ! No. (m) %;‘mg ((ig/cm?), (percent) (pm?) (sz:
DH-2 __________ 1 290 2.64 2.58 2.04 4.9x10% 12,170
2 324 Sample - - - -
broken.
3 434 2.62 2.53 3.35 4.0x10® ®)
4A 443 2.65 2.62 .88 3.0x105 14,286
24B - - - - - 17.596
5 409 ® - - - -
6 53 2.65 2.37 10.7 4.3x107* 5,191
BH-11 _________ 7 68 2.66 2.53 4.82 ®) 4,385
8 75 2.68 2.49 7.11 4.3x10 9,970
BH-10 _________ 9 19 2.1 2.00 26.4 2.1x108 4,999
10 32 2.711 2.49 8.00 9.9x10 7,502
BH-7 . 11A 352 2.66 2.64 .83 2.0x10° 12,549
211B - - - - - 9,998
BH-9 ._________ 412 145 2.68 2,37 11.8 5.9x10 5,440

'Refer to Reinemund, 1955, for well locations.
2Duplicate tested tensile strength only.
3Specimen unable to be extracted from core.
40il saturation 3.25 percent.

length divided by the elapsed time of the signal pass-
ing through the sample gives the resulting acoustic
velocity for that medium. The longitudinal wave is
designated the “P wave,” and the shear wave is
designated the “S wave.”

The samples for sonic testing were 2.54 +0.013 cm in
diameter and 2.54 +0.05 cm in length. Prior to testing,

all test samples were saturated in an aqueous solution
of 500 mg/L TDS (see footnote 4, in the Permeability
section).

The samples were then confined at a pressure equal
to 4.73x 1074 g/em? per centimeter of burial. P-wave
and S-wave velocities for each depth interval were ob-

tained. These velocities are accurate to +1 percent.
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FIGURE 11.-Ground-water-sample site locations in Durham Triassic basin and Sears No. 1 well and Groce No. 1 well
locations, North Carolina.
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Samples from 960-m and 1,138-m depths that appeared
to be composed of similar materials had virtually identical
sonic velocities. A summary of the sonic-test results for
the Sears No. 1 well is given in table 6.

ELECTRICAL RESISTIVITY

The electrical-resistivity measurements were made on
the same samples used in the sonic velocity test. The
samples were saturated in an aqueous solution contain-
ing 500 mg/L TDS.5 The resistivity of this solution was
measured and determined to be 11 @m. The saturated
samples were then covered with a jacket to isolate ends
of the sample and confined at a pressure equivalent to
4.73x10-* g/em? per centimeter of burial depth. A 30-Hz
source voltage was applied at the ends of the cylindrical
sample. The resistance of the sample to this voltage was
then determined. From this resistance, the resistivity of
the sample was calculated and expressed in ohm-meters,

A summary of the resistivity values for each of the
Sears No. 1 samples is contained in table 6. The resistivi-
ty values are accurate to +5 percent.

MECHANICAL STRENGTH

Unconfined compression tests were performed on all
Sears No. 1 well samples to determine compressive
strength. The samples were cylinders 3.81+0.05 em in
length and 1.91 + 0.013 cm in diameter. Sample ends were
ground to within 0.00002-mm flatness. Samples were
tested with the “as-received” moisture content.

All loadings were applied quasi-statistically by using a
constant displacement rate of 3.65+10-2 ecm. No strain
measurements were taken. The transducer used to
measure axial load is accurate to 2 percent.

The relation of axial stress to time graph for the various
loadings was recorded. All samples, except the sample
from 960 m, demonstrated a similar response, and all
samples experienced a brittle failure. There was no ap-
parent increase in strength with increasing depth. A sum-
mary of the mechanical behavior is given in table 6.

EVALUATION OF POROSITY AND
PERMEABILITY MEASUREMENTS
POROSITY

Continuous porosity values for the Sears No. 1 well are
available from the neutron-porosity and gamma-gamma
density logs of plate 1. In addition, porosity values

5 Based on water-quality analysis.

calculated for different matrix sonic velocities of 4.7 km/s,

5.8 km/s, and 6.0 km/s are presented in table 2.

The porosity determined from the geophysical logs dif-
fers from laboratory-determined porosity values of cores
from equivalent depths. There are some differences
among density-log, neutron-log, and sonic-log porosity
values in table 2. The Sears No. 1 borehole wall is ir-
regular and washed out, and the resulting effects of
variable hole diameter may cause the discrepancies among
porosity values determined by different techniques. The
neutron-log response is particularly influenced by the sha-
ly matrix of the Triassic rocks.

In table 3, average effective porosities determined from
the porosity logs represent depth intervals where the
borehole is reasonably smooth and is not washed out. Ex-
planations for the apparent inconsistencies among the
porosities determined from logs are given in the
“Remarks” column of table 2. The gamma-gamma densi-
ty and neutron-porosity values for sandstone intervals
generally agree within 15 percent. If the lithology of an
interval is shale, the neutron-porosity value for that in-
terval is high. The sonic-porosity value believed to be more
accurate is calculated by using the lowest matrix veloci-
ty and is about equal to the gamma-gamma density value.

Laboratory-porosity values are lower, and the lack of
consistency between laboratory-measured values and
geophysical-log values is not understood. Factors that
could cause such differences include
1. The laboratory test core sample was not representa-

tive of the volume of rock being sampled by the log-
ging tool.

2. Crystal-structure changes had occurred in the rock
core between the time the rock was cored and the
time it was tested in the laboratory.

Laboratory-determined gas porosities for Sears No. 1 well

and Deep River coal field samples below 152 m range from

0.83 percent to 12 percent, as shown in tables 6 and 7.

The average is about 3.5 percent.

PERMEABILITY

Laboratory air-permeability tests (tables 6 and 7) of core
samples from the Sears No. 1 well and of drill hole samples
from the Deep River coal field illustrate the low
permeabilities characteristic of the Triassic rocks below
the zone of weathering. Most values are in the square
micrometer x 10-5 range. Attempts to determine liquid
permeability with water having TDS similar to that of
water pumped during packer tests of the Sears No. 1 well
resulted in rupture of some samples having low perme-
ability. The apparent sensitivity to the water composition
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indicates swelling of clays (or other mineralogic changes)
caused by the use of water of probable different chemistry
than that of formation water. Montmorillonite, which is
highly expandable, is the most abundant clay in samples
from the Sears No. 1 well. Also the water used in
laboratory tests may not be truly representative of the
formation water and could have the correct salinity but
the wrong ionic composition.

DETERMINATION OF GROUND-WATER
QUALITY AND MOVEMENT

WATER QUALITY

CHEMICAL ANALYSIS OF WATER SAMPLES

Water samples obtained from most shallow ground
water (less than 90 m deep) are predominantly a calcium-
bicarbonate type. Dissolved-solids contents are general-
ly less than 250 mg/L. However, shallow ground water
having a high dissolved-solids content (greater than 1,600
mg/L)is present in the area west and northwest of Cary,
N.C., and north of Carpenter, N.C. From Cary, near the
eastern border fault and basinward, sodium- and calcium-
sulfate types change progressively to calcium-chloride and
sodium-chloride types. North of Carpenter, near the com-
mon corners of Durham, Chatham, and Wake Counties,
some waters have a high (greater than 800 mg/L)
dissolved-solids content.

The wells that have a high dissolved-solids content are
on the northwestern side of major faults and penetrate
red mudstone or conglomerate having a red mudstone
maxtrix. Thus, all the wells may be in a similar
hydrogeologic situation at the discharge end of the basin’s
subsurface flow system. Water having high (greater than
1,600 mg/L) dissolved solids present in shallow wells in
the conglomerate and fanglomerate near Cary occurs near
the deeper downfaulted parts of the basin.

Water from a depth of 115 m in the Sears No. 1 well
(table 8) appears to be a sodium-chloride type similar to
water from shallow depths in sample sites 4 and 38 (fig.
11). The water from the Sears No. 1 well 247-m-depth to
264-m-depth interval is similar to water from sample sites
4 and 38 in that there is only a slight increase in the
amount of calcium over sodium-ion concentration. The
Sears No. 1 well water sample from the 1,009-m-depth
to 1,143-m-depth interval; although higher in dissolved-
solids content and calcium content than the water from
either the 115-m-depth, 247-m-depth to 264-m-depth in-
terval, or the drilling water, is known to be a blend of the
drilling (mud filtrate) water and the formation water. A
single inflatable packer was used to isolate a zone between
the 1,009-m-depth and the bottom of the well at 1,143 m.

The small amount of water that did move into the test
packer assembly from the 1,009-m-depth to 1,143-m-depth
interval is probably a mixture of drilling-mud water and
formation water (Bain and Brown, 1981).

The similarity of the chemical composition (chiefly
sodium-calcium chloride types) of water from the buried
Dunbarton, S.C., Triassic basin to that of the water of
the Durham basin is striking. In contrast, ground water
from the Culpeper, Va., basin to the northeast is a
calcium-sulfate water, presumably caused by the
widespread presence of gypsum. Water from sample 32
(table 9) near Cary (fig. 11) contains an ionic composition
characteristic of water from the gypsum-bearing Permian
Castile Formation near Jumping Springs, N. Mex., and
the Triassic redbeds of the Newark basin, New Jersey.
This similarity implies that gypsum may be present to in-
fluence the geochemistry of water near Cary.

GEOPHYSICAL ANALYSIS

GENERAL QUALITY

The borehole-geophysical logs were used to check the
accuracy of properties measured from samples taken from
the 247-m to 264-m and 1,009-m to 1,143-m zones and to
give additional information on the water chemistry in the
remainder of the hole.

SALINITY

The formation resistivity factor, also called the forma-
tion factor (F), is defined as the electrical resistance of
a rock that is saturated with a conducting electrolyte
divided by the resistivity of the electrolyte; this factor is
useful in analyzing the conductivity of fluids in rocks.

The salinity of formation waters is commonly estimated
from the geophysical logs by using one or both of the
following relationships (Alger, 1966; Schlumberger, Ltd.,
1974, p. 34):

R,

w

1. SP=-K log

where:

SP = the spontaneous potential, in millivolts;
K = a constant related to absolute temperature;
R, = the resistivity of the drilling mud filtrate, in ohm-
meters at a specified temperature; and
R, = the resistivity of the formation water, in ohm-
meters at a specified temperature.
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TABLE 8.-Chemical analysis of ground water
[Latitude 35°41'33", longitude 78°56'35". Dissolved con-
D;‘Ltl};,ﬁf Date  Sequence Alkalinity ~ Bicarbonate Cadmium! Calcium Carbonate  Chloride Cobalt! Copper Fluoride Noncarbonate
(m) No. (total CaCOs) (HCO,) (Cd) (Ca) (CO3) (83)) (Co) (Cu) (F)) hardness
115 ____12/21/75 11 _— _— — - 17 _— _— _— — _—
Mudline __ 04/04/76 12 _ _— o~ . 15 — _— _— _— —_—
259 ____04/16/76 1 85 104 0 18 0 93 0 1 0.5 0
259 ____04/16/76 4 0 0 3 62 0 83 32 300 8 170
1,018 ____04/17/76 8 0 0 4 30 0 41 14 130 5 84
1,018 ____04/17/76 9 0 0 1 96 0 200 31 420 .9 250
1,018 ____04/18/76 10 0 0 _— _ 0 75 _— — 14 _—
1Dissolved constituent in micrograms per liter.
TABLE 9. - Chemical analysis of ground
[Modified from Bain and Brown, 1981.
Sam-
ple  Well Yield Sample Sequence  Alkalinity Bicarbonate Calcium  Carbonate Chloride Conductance Fluoride
;Iltel depth (L/s)  date  Latitude? Longitude®*  No. (total (HCO) (Ca) (COy) ©n (#mho) (F1)
" m) CaCO,)
1 __ 61 0.01 05/09/73 362832 784856 01 179 218 150 0 650 2,420 0.3
2__ 3 .06 05/09/73 351708 794802 01 153 186 56 0 110 660 3
3 __ 67 .32 05/09/73 354721 794904 01 230 280 230 0 920 3,330 4
4 __ 53 .32 05/09/73 354704 794927 01 197 240 28 0 280 1,300 4
5__ 30 1.1 . 354739 795145 01 143 174 22 0 18 330 2
6 __ 53 13 05/10/73 354549 785408 01 115 140 11 0 4 240 2
7__ 18 13 05/10/73 350708 785208 01 128 156 24 0 10 270 2
8 __ 43 .32 05/10/73 354610 783357 01 164 200 31 0 10 330 1
9 __ 23 76 05/10/73 355631 795514 01 167 204 42 0 56 500 2
10 __ 37 1.9  05/10/73 354624 791606 01 11 13 3.5 0 5 67 1
11 . . _. 05/10/73 364650 791718 01 67 82 12 0 24 220 3
12 __ 38 4.7 05/10/73 351650 781729 01 125 152 35 0 42 370 2
13 __ 59 .32 05/10/73 350737 790825 01 190 232 52 0 80 650 3
14 __ 37 63 05/11/73 350722 790948 01 146 178 40 0 48 435 3
15 __ 34 - 05/11/73 360648 792025 01 179 218 35 0 22 420 3
16 __ 30 44 05/11/73 350831 792057 01 161 196 78 0 130 740 2
17 . 41 32 _— 351144 782349 01 331 404 140 0 250 1,410 3
18 . __ __  05/11/73 350108 785403 01 105 168 42 0 10 300 3
19 __ 30 25 05/11/73 351012 781357 01 312 380 80 0 100 850 2
20 __ 12 ——  05/11/73 350920 791412 01 20 24 40 0 100 570 1
21 __ 24 .32 05/11/73 350922 790425 01 218 266 60 0 82 710 3
22 __ 145 .19 05/12/73 361822 784822 01 92 112 74 0 210 2,400 4
23 __ 32 .32 05/14/73 791408 791408 01 125 125 19 0 6 253 3
24 _ 53 .38 05/14/73 354705 791400 01 200 244 35 0 28 470 2
25 __ 30 14 05/14/73 350651 791415 01 30 36 3.7 0 4 80 .1
26 __ 34 .16 05/14/73 352735 781400 01 154 188 21 0 16 339 2
27 __ 76 13 05/14/73 353556 785109 01 154 188 11 0 14 335 6
28 __ 46 .32 05/14/73 360244 791312 01 62 76 8.8 0 5 140 3
29 __ 99 .09 05/14/73 350305 791329 01 108 132 18 0 11 250 .6
30 __ 24 1.1 05/15/73 352517 792340 01 116 142 18 0 4 230 3
31 __ 33 .63 05/15/73 350442 791348 01 116 142 21 0 35 230 3
32 __ 122 95 05/15/73 351002 790940 01 87 106 100 0 4 620 3
33 __ 183 .63 —_— 355615 792254 01 154 188 5.2 0 36 415 N
34 __ 107 95 05/18/73 355615 792254 01 80 98 11 0 7 190 2
35 __ 91 76 05/21/73 355440 792050 01 75 92 11 0 3 160 2
36 . 232 .38 05/23/73 351556 795100 01 105 128 15 0 18 285 2
37 .. 152 19 05/23/73 355407 791604 01 190 232 36 0 300 1,350 5
38 __ 88 .09  06/04/73 360548 792025 01 149 182 16 0 34 300 3
Mean 140.5 171.6 43 96 635 0.287
Standard deviation 68 82.9 46.4 185 705 136
Median 144.5 176 29.5 20 354 .300
Maximum 311 404 23.0 920 3,300 .700
Minimum 11 13 3.5 3 67 .100
'On figure 11.

2For example, 36°28'32".
3For example, 78°48'56".
4Dissolved constituent, in micrograms per liter.
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Residue

Sodium

Total Iron' Lead! Magnesium Manganese! P Potassium - Silica Sodium  Sulfate Zinc!
hardness (Fe)  (Pb) Mg) (Mn) meas‘ff;fnent) (K) (cals‘;“l‘na‘)ted BSOTPUON  (5i0,)  (Na)  (SO)  (2n)
52 _ __ 2.3 __ 8.9 3.2 - 7.9 __ 130 — -
39 - _— .3 . .8 _ . — . - __ —
47 10 0 4 380 8.5 4.8 283 5.6 3.9 88 23 30
170 26,000 2,000 2.6 3,400 8.9 10 342 3.2 28 96 16 12,000
84 12,000 2,000 2.1 1,600 9 5.7 179 1.9 19 40 14 11,000
250 31,000 4,200 3.4 4,300 9 11 535 3.6 34 130 9.7 10,000
- _— — . — 8.9 __ - __ 82 _— 1.4 -
water from the Durham basin, North Carolina
Dissolved constituents in mg/L, unless indicated otherwise. -~— means no data]
Noncarbonate  Total  Iron* Magnesium Manganese* Nitrate pH Potassium Residue Residue Silica Sodium Strontium* Sulfate
hardness  hardness (Fe) (Mg) (Mn) (NOs) (field (K) (calculated (dissolved) (Si0;) (Na) (Sr) (SOy)
measurement) sum)
470 650 40 66 70 _ 6.8 3.4 1,300 1,580 48 220 2,200 16
120 270 10 31 0 1.8 7.5 2.1 340 384 31 19 400 .8
870 1,100 30 120 10 4 6.8 4.2 2,020 2,410 32 220 2,800 8
0 87 _— 4 _ 0 7.8 3.5 680 715 12 240 400 8.8
0 100 0 11 0 .9 6.8 1.8 200 205 30 30 340 .8
0 45 — 4.3 — 0 7.6 1.6 150 160 27 35 23 .8
0 92 __ 1.7 — 2.2 7.0 2.2 180 182 32 25 460 .8
0 110 —— 8.2 _ 0 8.0 1.7 210 215 24 32 640 .8
0 150 __ 12 __ 4 6.8 1.8 290 297 31 44 220 8
2 13 20 9 10 9.3 59 1.7 69 70 34 6.9 80 8
0 50 . 4.8 _— 4 6.5 .8 160 174 48 27 220 5.6
0 120 - 74 . 4 6.4 9 240 241 44 29 740 .8
0 150 _— 5 _ 4 75 N 380 388 34 80 1,400 10
0 120 10 54 100 0 7.1 q 270 262 34 45 1,100 4
0 130 170 11 370 9 7.5 .6 250 268 30 39 600 8.4
89 250 130 13 810 0 7.4 N 410 490 32 47 1,800 8.8
240 570 30 52 40 6.2 7.4 2.5 810 864 21 68 2,200 68
15 120 40 3.7 280 0 7.7 .9 200 208 37 19 860 1.6
0 220 60 4 90 3.1 7.5 N 500 500 22 100 2,400 6.4
150 170 180 17 10 44 6.2 1.2 380 380 52 34 360 34
32 250 __ 25 _ 1.3 6.8 1.4 410 455 44 48 400 14
130 220 40 7.5 290 3 8 3.4 417 1,500 12 430 _— 700
0 67 20 4.7 30 0 7 1.4 170 167 34 31 360 2
0 120 50 8.8 30 3 7.8 2.2 280 287 27 56 640 4.4
0 15 700 1.3 30 1.3 6.3 .8 79 63 39 11 70 4
0 7% 30 5.4 10 4 1.5 14 210 197 27 45 370 4
0 35 0 1.8 0 3 8.5 1.2 210 204 20 65 210 4
0 37 2,200 3.7 80 0 6.3 1.4 120 113 44 15 120
0 5 40 7.2 40 0 7.3 2.9 160 157 33 24 320 2
0 8 820 8 80 0 7.2 2.2 160 150 37 20 300 4
0 71 70 5.9 30 0 1.7 34 150 149 29 20 360 4
210 300 3,200 13 1,900 0 7 .6 430 461 29 10 120 220
0 16 10 Vi 20 0 8.7 .8 250 254 19 90 50 5.2
0 37 30 2 10 1.8 7.7 1.0 130 130 33 26 140 1.2
0 40 80 2 190 3 7.6 1.4 120 119 34 19 100 2.8
0 65 370 2 20 8.4 7.5 1.8 190 177 37 34 130 2
0 150 30 5 10 9 8.7 2.6 740 724 38 220 520 10
0 52 10 .3 10 0 _— 1.8 180 196 18 51 280 8
— 164 26 12.7 158 2.38 7.3 1.72 354 408 31.32 30 641
_— 206 742 3.6 374 7.47 .658 952 366 474 9.33 117 727
—_— 205 40 5.6 30 4 7.45 1.5 225 228 32 2 360
870 1,100 3,200 120 1,900 44 8.7 4.2 2,020 2,410 52 700 2,800
0 13 10 2 0 0 5.9 6 69 63 12 0 23
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The relation of F' to porosity (¢), formation water resistivi-
ty (R.), and true resistivity of rocks saturated with the
formation water (Rt) (Archie, 1942) is

o Bt _1

R, ¢~

2

where m, the cementation factor =1.3 to 2.6, and
¢ =porosity, in percent.
The Humble formula, F=0.62-21%, is commonly used

for granular rocks. Water resistivity at five depths in the
Rt .

Sears No. 1 well derived from the relation R’”zf is
given in table 10 (col. 4). F’ values are determined from
laboratory analyses, and Rt values are taken from the
deep induction curve (ILD) of plate 1.

Table 10 shows that the calculated values of R, ranged
from about 1.0 to 14 @m. These data indicate that forma-
tion waters at the Sears No. 1 well site could have a
dissolved-solids equivalent that ranges from about 350 to
5,500 mg/L as sodium chloride.

The analyses of water samples collected from the 247-m-
depth to 264-m-depth interval indicate a dissolved-solids
concentration of approximately 560 mg/L when corrected
to equivalent sodium chloride. Alger (1966),
Schlumberger, Ltd. (1972), and Brown (1971) indicate
that, at 256°C, water containing 560 mg/L sodium chloride
should have a resistivity of about 10 2m. No laboratory
F data are available for the 247-m-depth to 264-m-depth
interval; however, water resistivities calculated from F'
values above and below the sampled zone are approx-
imately 10 @m. Similarly, R, values from laboratory-
measured porosity and Rt values from the ILD indicate
that interstitial water below 960 m is not highly saline.
This formation water, which has a resistivity of 1 to 2 m
at 25°C, is equivalent to a sodium-chloride concentration
of 2,200 to 4,500 mg/L. The analysis of water sampled
from the 1,018-m-depth to 1,143-m-depth interval in-
dicates a much less saline water.

Water resistivities also were calculated (table 10, col.
7) by using F' values derived from log porosities (¢):

Rt 1

R, om
where F, Rt, R, and ¢ are the notations described
previously and m is the “appropriate” cementation fac-
tor (Schlumberger, Ltd., 1972). Log-derived F' values
determined by this equation are frequently one to two
orders of magnitude lower than those calculated by using
laboratory porosities. Values determined from log data

give extreme F values, which can be directly related to
the range of porosity values.

Figures 12 and 13 are graphs showing the relation of
porosity from the density and sonic logs to resistivity from
the induction log (ILD). There appears to be some cor-
relation between the measured variables on these figures.

Apparent R values were calculated by Schlumberger,
Ltd. (written commun., 1977), from the same ILD data
and by using the same equation:

The values ranging from 0.41 @m at 152 m to 0.35 Qm
at the bottom of the well indicate sodium chloride con-
centrations of about 11,000 mg/L.

The explanation for the disparity is apparently related

to the assumption that F=% at low dissolved-solids

concentrations and low porosities. Alger (1966) states,
“xxx the customary relationships between F' and poros-
ity used in oil field interpretations usually do not apply
to freshwater sands.* =+ F' varies in freshwater sands not
only with porosity, but also with R, and grain size.”

Data from the computation of formation water resistiv-
ity based on the relation SP= -K log Ew_ are pre-
sented in table 11 (Schlumberger, Ltd., 1974, p. 34). The
SP values given in table 11 are calculated by using a log
deflection of 5 mV per division. Formation factors
calculated from the SP-log-derived R, and from Rt from
the ILD curve are given in table 12. Calculated R for
the 247-m-depth to 264-m-depth interval ranges from 5.3
to 12.4 Qm at 25°C (table 11, col. 8). However, the B
values shown in table 11 increase with depth, contrary
to most natural occurrences. The use of the SP deflection
to obtain reliable R values opposite very low permeabili-
ty formations may make the results less accurate in some
cases.

MOVEMENT

A ground-water flow map was not completed for this
study. Ground water having dissolved-solids content
greater than 2,400 mg/L—chiefly calcium-sodium chlo-
ride types—occurs along the basin’s eastern edge from
Morrisville to Cary and southwest to Holly Springs,
N.C. (fig. 11). The location of these occurrences relative
to the downfaulted blocks along the east side of the
basin indicates that the probable source of the high
dissolved-solids-content water is from movement of
water upward along fracture zones that bound the
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TABLE 10.-Formation water resistivities calculated by wusing laboratory measurements and porosity-log data, Sears No. 1 well,
North Carolina

[--, no data]
Water
resistivity, R’ Formation resi stigi?mi{w 12
Formation True calculated by using Porosity, factor, cal cula{;ed b,
Depth factor, F' resistivity, F derived from from porosity F=1/porosity)? using Rt andy F
(m) (measured in Rt, from ILD laboratory analyses log (calculated from derivgd from lo
laboratory) (Qm) and Rt from ILD (percent) log porosity) @m) g8
(@m)
2.714 40 14.6 5 400 0.10
25.0 80 3.2 8.9 127 .63
3.64 50 13.7 4.7 452 11
6.5 75 11.5 .9 12,346 .006
96 80 1.04-2.08 2.8 1,275 0.078-0.157
67 100 - 2.5 1,600 .06
18 >100 9 12,346 —_—

'R _=RtIF.
2Smail range in porosity and salinity of formation water increases error for calculation of R,

250 T T T T T4 suggests deep circulation at this site. In contrast, the
- EXPLANATION — a5 temperature gradient of the Groce No. 1 well indicates
200 o VALUES DETERMINED BY 5 poor ground-water circulation in the Sanford area (Bain
T CORE LABORATORIES, INC. | d B 1981
S A VALUES DETERMINED BY —¢ ¢ | and brown, )- .
I 150 TERRA TEK, INC. 4, @ The low values of permeabilities of the core samples
2 1 + M'N"‘:UM VALUE s _|g &| andthelow temperature gradient from the tempera-
S 1 © LOG POROSITY VALY ~{9 o | turelog indicate that circulation in the unweathered
< 1004 o TDS TOTAL DISSOLVED SOLIDS 10 ock in the subsurfac b th h £ tu
= 1 F FORMATION FACTOR 5 r m € may be through iractures.
z 1 At TRUE RESISTIVITY ] :i >
= T ~ CONCLUSIONS
> e 3 — 16 P\g
F=— ] . 3s " .
§ 50— ®* 120 & Tests indicate that low porosities and low permeabil-
E 0T For & =20% 3 | ities for the rocks in the Durham Triassic basin are the
= 307 Ro=181030 _|, > | result of the depositional environment, which limited
S 2 - Ry = % — 50 '@ sorting of sediment, caused extensive lithification and
g 10— 1. @ | cementation, and possibly caused the presence of mont-
& "o g 181030 ., o —100 o e
3 sre . w 20 200 morillinite.
7o & o Aw=(5S)ates or 1 500 The low temperature gradient (1°C/66 m) and the
r £ 7DS =1300 to 3300 mg/L 7 presence of relatively freshwater throughout the Sears
P~ N (RN N (U U U N No. 1 test well are an indication of deep circulation,

-4 0 4 8 12 16 20 24 28 32
POROSITY (&), IN PERCENT, FROM DENSITY LOG

FIGURE 12.—Relation of porosity determined from density log to
resistivity and conductivity of rocks in the Sears No. 1 well, North
Carolina.

blocks. The temperature log, however, indicates appar-
ent upward movement of water to the 550-m zone and
downward movement to the 500-m zone. The resistivity
and SP logs from the Sears No. 1 well indicate that
the formation water is relatively fresh (<4,500 mg/L
dissolved-solids contents) to the bottom of the hole. The
lower gradient of the Sears No. 1 well temperature log

probably through fractures.

The lithologic log and borehole-geophysical logs from
the Groce No. 1 well and the Sears No. 1 well confirm
the simultaneous deposition of different facies in sepa-
rate parts of the basin, the cyclic nature of sediment
deposition, and the general imperviousness of the rocks.
The logs from the Sears No. 1 well indicate that slightly
permeable sandstones and siltstones of the tan arkosic
unit interfinger with dense, essentially impervious, red
mudstones and argillites. The lateral extent of these
sandstones and siltstones is limited by the nearest im-
permeable facies and the boundaries of the individual
structural blocks.

Porosity determined from the density logs is slight-
ly higher than that determined from the laboratory
analysis of core samples. The mean density-log
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TABLE 11. - Formation water resistivities calculated by using spontaneous-potential-log data, Sears No. 1 well, North Carolina

[-- means no data)

Equivalent Water Water

Depth Spontaneous Formation Resistivity of Resistivity water resistivity, resistivity, Resistivity

to top  potential, temperature, mud filtrate, R,,, factor? resistivity, R,, from R., from from ILD
of zone SP SP log at formation (when K =170) R.., at R.. at 25°C* R.. at 25°C (2m)

(m) (mV) temperature! (Qm) formation (NaCl-type (NaHCOs-type
°F °C (Qm) temperature® water) water)
(Qm) (Q@m) (9m)

154 ____ +10 71.5 22 21.6 0.72 30 28 49 45
191 ____ -1 72 22 21.6 1.48 14.6 13.6 25 210
220 ____ -17 3 23 21.4 1.70 12.6 12.2 21 700
229 ____ -36 73 23 21.4 3.25 6.58 6.2 11 120
248 ____ -39 4 23 21.3 3.70 5.713 5.3 9 45
257 ____ -16 74 23 21.3 1.70 12.5 12.1 21 -
259 ____ -21 74 23 21.3 2.03 10.4 10 18 —
262 ____ -15 4 23 21.3 1.65 12.8 124 22 —-—
270 ____ -18 74.5 23 21.1 1.77 11.9 11.4 20 30
278 ____ -18 5 24 21.1 1.77 11.9 114 20 -—-
282 ____ -15 75 24 21.1 1.65 12.8 12.4 22 —_—
289 ____ -23 75 24 21.1 2.30 9.17 9 16 70
306 ____ -17 76 24 20.9 1.70 12.3 12 21 800
338 ____ -17 76.5 24 20.9 1.80 11.6 11.6 20 190
377 ____ -20 78 26 20.4 1.96 104 10.5 18 40
398 ____ -34 78 26 20.4 3.20 6.38 6.27 11 80
413 ____ -20 785 26 203 1.96 10.36 10.7 19 —_—
440 ____ -25 79 26 20.1 2.33 8.62 8.9 16 70
477 ____ -15 80.5 27 19.8 1.65 13.2 14.5 25 ——
478 ____ -14 80.5 27 19.8 1.60 124 13 23 —-—
508 ____ -4 81 27 19.7 1.11 17.7 19 33 120
526 ____ -16 82 28 19.5 1.70 11.5 12.3 22 100
570 ____ -7 83 28 19.3 1.20 16.1 17 30 80
582 ____ -20 83 28 19.3 1.96 9.85 11 19 -—
609 ____ -4 84 29 19.1 1.11 17.2 19 33 —
633 ____ -15 84.5 29 19 1.65 11.5 13.6 24 —
999 ____ -5 93.5 34 17 1.17 14.5 17.5 31 -—
1,019 ____ -26 94 34 16.9 2.35 7.19 8.7 15 150
1,025 ____ -14 94 34 16.9 1.60 10.6 13 23 -—
1,043 ____ -13 95 35 16.7 1.52 139 17 30 _—
1,057 ____ -8 95 35 16.7 1.28 13 16 28 -
1,082 ____ -5 95.5 35 16.6 1.17 14.2 17.2 30 ——
1,102 ____ -6 96.5 36 16.4 1.20 13.7 16.8 29 -
1,108 ____ -5 97 36 16.3 1.17 139 17.5 31 160

'Recorded from log heading.

2Factor in SP equation (see Schlumberger, Ltd., 1972, p. 79) = R./R... K, constant related to absolute temperature.

3Schlumberger, Ltd. (1972, p. 79).
4Value estimated from Schlumberger, Ltd. (1972, fig 13-3, p. 79).

porosity was approximately 6 percent, whereas the
laboratory-tested core’s porosity was approximately 5 per-
cent. However, porosities derived from the neutron and
sonic logs are substantially higher than either the mean
density-log porosity or the laboratory-tested core porosi-
ty. Undoubtedly, part of this difference is due to inade-
quately compensating for hole irregularity when making
logs, and part may be due to postdrilling mineralogical
changes in the core prior to testing. However, the higher
porosities determined for the Sears No. 1 well are con-
sistent with those observed for the Groce No. 1 well.
Attempts to determine permeabilities with liquids in
cores in the laboratory resulted in rupture of some
samples. The ruptured core that contained interstitial clay
was sensitive to the chemistry of the water—namely, the
presence and type of dissolved solids. Later during clay
analysis, montmorillonite was found to be the most abun-
dant clay present in the Sears No. 1 well drill cuttings.

The expansion of montmorillonite probably affected the
results of some of the in-hole and laboratory analyses.
Insufficient data were available to construct a poten-
tiometric map and to establish the rate and direction of
movement of ground water in the basin. The low
temperature gradient of the Sears No. 1 well indicates
deeper circulation of ground water at the Sears No. 1 well-
site, and the sonic log does not indicate that any of the
shales are overpressured. The shape of the temperature
anomalies on the Sears No. 1 log suggests that there is
a little water movement vertically downward above a
depth of 550 m and vertically upward below a depth of
550 m. If deep circulation does occur at the Sears No. 1
well site, circulation must take place through an exten-
sive fracture system. Acoustic-televiewer images of
selected parts of the Sears No. 1 wellbore show many ir-
regular openings that appear to be parallel to bedding and
may be related to either fractures or crossbedding.
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FIGURE 13. - Relation of porosity determined from sonic log to resistivity of rocks on the Sears No. 1 well, North Carolina.
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TABLE 12. - Formation factor caleulated from spontaneous-potential-log-derived water resistivities and from induction-log-derived true resistivities,
Sears No. 1 well, North Carolina

[-- means no data]

Depth to True resistivity (Rt) Water resistivity Formation True
top of zone from ILD at formation (R.) from SP log factor (F) resistivity Porosity
(m) temperature for NaHCO; equiv- (F=RtR,) (Rt) from ILD (percent)
(Qm) valent at 25°C at 25°C
(@m) (Qm)
154 __________ >40 49 <.76 >37 14
191 >220 25 0.2-2.6 5-65 10.2
219 __________ 220 21 0.4-3.0 8-63 13
229 o _ 120 11 0.4-3.2 4-35 134
247 27 9 2.9 26 13-16
257 _______ 39 21 1.8 37 11
259 o _ 39 18 94 17 13
262 __________ 57 22 2.5 54 11
273 o 22 20 1. 21 15.5
278 39 20 1.9 38 16
282 __ . 47 22 2.1 46 11
289 o __ 64 16 3.9 62 13
306 __________ 75 21 3.5 73 11
338 ___ 84 20 42 84 —
3717 38 18 2.2 39 10.1
398 64 11 5.9 65 13.6
413 65 19 3.5 66 8.3
440 __________ 90 16 5.7 91 10
468 __________ 47 25 1.9 48 13
478 55 23 2.5 57 7
508 __________ 190 33 6.1 200 5
526 __________ 120 22 5.7 126 3
570 __________ 100 30 3.6 109 6
582 __________ 140 19 7.9 150 i
609 __________ 170 33 5.6 184 -1
633 __________ 130 24 5.8 140 8
998 __________ 100 31 3.9 120 .6
1019 __________ 130 15 12 180 0
1,025 __________ 100 23 5.4 125 1.5
1,042 __________ 400 30 16.5 495 -2
1,057 __________ 380 28 16.6 . 465 0
1082 __________ 160 30 6.5 196 -1.5
1,101 __________ 150 29 6.4 185 -2
1,108 __________ 200 31 8.1 250 -3

The spontaneous-potential and resistivity-log responses
indicate that the water in the formations at the Sears No.
1 site increases vertically downward from 350 to 5,500
mg/L TDS. The consistent increase with depth also sug-
gests that some circulation takes place throughout the
depth of basin.

Average resistivity values for shale in the Sears No. 1
well ranged from about 40 to 50 @m. Sandstones and con-
glomerates were found to have resistivities 5 to 10 times
higher. The gamma-ray log indicated that most sandstones
have gamma-ray values of from 50 to 80 API units.

Laboratory-measured values, which were used to check
the accuracy of the borehole-geophysical log data, were
important in determining other physical properties of
rocks that could not be obtained from analysis of borehole-
geophysical logs.
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